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ARTICLE INFO ABSTRACT

Keywords: CFTR modulators have dramatically changed the clinical course of CF in those fortunate enough to receive
Cystic fibrosis them. Inevitably, randomised controlled trials during the development of these drugs are too short to use
Mortalit}’ mortality as an outcome. Evidence for their effect on life expectancy are best gained from real world reg-
Prognosis istry studies specifically looking at mortality, but these are only available for ivacaftor to date. Therefore,

CFTR modulators

indirect evidence must be obtained by looking at outcomes known to affect mortality and seeing the

effect of these drugs on those outcomes.

© 2020 Elsevier Ltd. All rights reserved.

INTRODUCTION

For the last 8 years, drugs that target the basic defect in cys-
tic fibrosis (CF) - the CF conductance regulator (CFTR) ion chan-
nel, have become available to a growing number of people with
CF. Known collectively as CFTR modulators, they can either
potentiate the activity of the CFTR channel that is at the epithe-
lial cell surface, or correct the defect by allowing CFTR to reach
the cell surface [1]. A number of such drugs are under develop-
ment but only four are licenced to date. The principle potentia-
tor is ivacaftor, which is either used on its own, or combined
with a corrector such as lumacaftor (combined as Orkambi);
tezacaftor (combined as Symkevi or Symdeko) or Elexacaftor
(combined also with tezacaftor as Trikafta). There are numerous
reviews of these drugs and this article will not present
data from the various randomised controlled trials. Suffice to
say that their rapid development is one of the most dramatic
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breakthroughs in CF care, as we are no longer just treating the
downstream effects — symptoms and complications.

Since CF was first recognised over 80 years ago, the improve-
ment in life expectancy of people with CF has been a major medical
achievement. In the UK, mortality rates decreased annually by 2%
between 2006 and 2015, with median survival at birth in Phe508-
del homozygotes calculated as 46 years for men and 41 years for
women [2]. If mortality continues to drop at the same rate, this fig-
ure is suggested to improve to 65 years for men and 56 years for
women [2]. Similarly, in the US where registry data were assessed
from 2000 to 2010, mortality dropped by 1.8% per year during that
period [3]. There are now more adults than children with CF, at
least in developed countries, due to low mortality in children
and increasing longevity in adults [4].

The US figures came from data that predated the era of CFTR
modulator therapy, whilst the UK data included use of ivacaftor
in just 5% of the patients for the latter 3 years, so cannot have
had an appreciable effect on long term mortality figures. It is rea-
sonable to speculate that these drugs will alter the natural history
of the disease [5]. This article will present information on what is
known about the effect on life expectancy, presenting both direct
and indirect evidence.
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DIRECT EVIDENCE

Direct evidence is clearly more compelling. Whilst this could
come from extending the phase 3 randomised controlled trials
(RCTs), numbers are likely to be too small to detect differences in
mortality, especially in children. There are phase 4 studies which
are a regulated form of studying real world data, usually to pick
up rarer adverse effects, and which used to be known as post-
marketing surveillance. Then there are actual observational real
world studies that need national patient registries to get high
enough numbers to make the results meaningful. In addition,
hypothetical modelling of the long term outcomes may be
performed.

Real world data

Real world data that gives information on mortality is only
available for ivacaftor since it was the first drug to be licenced
and became available in 2012. Even then that only allows a maxi-
mum of 8 years long term outcomes, although this is longer if
patients who were in the initial RCTs are included, especially as
the majority went into open label extensions. There are no pub-
lished real world data assessing mortality yet on Orkambi, Sym-
kevi, or Trikafta.

Bessonova et al., produced the first national registry analysis
looking at disease modification by ivacaftor used for those with
gating mutations for a single year (2014) [6]. It was a post-
approval mandated pharmacovigilance study and six of the
authors were from the company that produces ivacaftor. They
compared 1256 ivacaftor-treated patients vs 6200 matched
patients (with proven equivalent genotype severity) in the USA;
and 411 treated patients vs 2069 untreated in the UK. In the US,
there was a significantly lower risk of death (0.6% vs 1.6%) and lung
transplantation (0.2% vs 1.1%). Trends were similar in the UK but
did not reach significance presumably due to the smaller numbers;
for risk of death it was 0.7% vs 1.4%, and for transplant 0.5% vs 0.9%.
The study looked at the effect of ivacaftor treatment for a mean of
2 years in the US and 1.3 years in the UK, so to see a change in mor-
tality in such a short period is remarkable.

The above study was continued and they recently reported
results from their cross-sectional safety analysis with 5 years fol-
low up in USA (2012-2016 inclusive), and 4 years in the UK
(2013-2016 inclusive) [7]. The lower risk of death for those on iva-
caftor that was noted in the first year was maintained, and simi-
larly the risk of lung transplant.

Modelling data

A forecasting US study, published in 2016, looked at outcomes
and costs for ivacaftor used for patients with the p.Gly551Asp (for-
merly G551D) gating mutation [8]. Their model created a hypo-
thetical cohort of 1000 patients comparing patients having usual
CF care or CF care plus ivacaftor, with a non-CF population. Their
main result was that ivacaftor was associated with an average of
18 additional years, and an 18% absolute decrease in the likelihood
of a lung transplant. Because their model took patients starting at
25 years of age, one could speculate that figures would be even
more encouraging since people are now starting ivacaftor aged
6 months. They made an interesting adjustment to their model,
the assumption that after 2 years the efficacy halved, based on
adherence challenges. This adjustment is not unreasonable given
the data from a small study using electronic monitoring that
showed an overall adherence to ivacaftor of 61% which decreased
over time [9]. Stopping ivacaftor not only reverses the gains, but

a case series of 3 adults showed a withdrawal syndrome with rapid
deterioration in lung function and a pulmonary exacerbation [10].
There has also been a study modelling survival for patients
homozygous for Phe508del who are taking Orkambi, with two
authors from the drug company [11]. Orkambi is currently avail-
able from 2 years of age, they modelled starting at various ages
and assumed life time use, comparing with standard care. They sta-
ted that multiple analyses indicate that lung function, pulmonary
exacerbations and nutritional status predict survival so based their
modelling on these data from the RCTs. Overall incremental med-
ian survival was predicted to be 8 years, and for those starting at
age 6 years it was 23 years; and starting at age 12 years it was
18 extra years. Given the level of benefit found in the original trials,
this sounds somewhat optimistic, and it will be interesting to see if
real world data back this up when available. The same group who
created the forecasting study for ivacaftor [8] used that model to
study Orkambi; they found its use was associated with an extra
3 life-years compared to usual care alone using the assumption
that efficacy is halved after 2 years due to adherence issues, but
if Orkambi retained full efficacy, that was raised to 8 years [12].

INDIRECT EVIDENCE

Indirect evidence comes from research that does not include
mortality as an outcome, but looks at other outcomes in CF that
are known to effect life expectancy. Improvement in these surro-
gate markers may suggest that life expectancy will change also,
but it is an assumption rather than proof. A 5 year survivorship
model has been produced using the US registry; they analysed data
from nearly 6000 patients and validated it on a further almost 6000
[13]. Although published nearly 20 year ago, it is likely that most of
the key features identified are still relevant now. These are out-
lined below, with a few additions (table).

Prognostic outcomes with CFTR modulator data

e Lung function
- Absolute FEV;
— Decline in FEV,
e Exercise testing
e Pulmonary exacerbations
e Airway microbiology - B. cepacia complex
o Nutritional status
e Pancreatic insufficiency
o CF liver disease
o CF-related diabetes
e Mental health
o Quality of life

Lung function

Multiple analyses have indicated that FEV; (forced expiratory
volume in 1 s) predicts survival in CF and there are many refer-
ences in the Rubin modelling paper [11]. Indeed, it remains one
of the cornerstones of decision-making in lung transplant assess-
ment. Data taken from RCTs with FEV; as a primary outcome are
subject to an additional ‘trial effect’ due to being closely monitored
in a trial, so, longer term registry data are preferable. Additionally,
rate of decline in FEV, is associated with life expectancy [14], and
in terms of therapeutic interventions, is likely to be a better predic-
tor of change in mortality than an absolute change. However, RCTs
are rarely long enough to study rate of decline with any certainty.

Sawicki et al. studied patients with p.Gly551Asp mutation on
ivacaftor, combining trial and registry data over 3 years [15]. The
annual estimated rate of decline in FEV; was compared with
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homozygous Phe508del patients, and was slowed by almost a half.
A note of caution is that comparison of trial patients (both phase 3
and open label extensions) with real world registry patients not in
a trial, may give an exaggerated improvement due to the trial effect
mentioned above. The 5 year US and UK registry follow up of iva-
caftor that reported mortality data [7], separately reported lung
function data, with 7 authors from the pharmaceutical company
[16]. They found ivacaftor-treated patients had better preserved
lung function, although following the initial improvement at year
1, both groups declined over the subsequent 4 years. A relatively
small registry study from Ireland, studying 80 patients with a gat-
ing mutation who were taking ivacaftor, found change in lung
function over a 3 year period was age dependent following the ini-
tial improvement seen when starting the therapy [17]. There was
an improvement in the under 12s; it was stable in 12-17 year olds;
and declined in adults aged 18 and above, however there was no
comparator group used.

As regards Orkambi, there has been a 96 week open label exten-
sion of the initial trials (PROGRESS) comparing a matched registry
cohort [18]. They reported a 42% slower rate of lung function
decline, but again caution over conclusions when comparing trial
with registry patients is warranted. There is an ongoing observa-
tional study (PROSPECT) that has not yet been published. There
has been a real life post-approval assessment of Orkambi for a
one year period in 47 centres in France, that demonstrated an
absolute increase in lung function, but a surprisingly high discon-
tinuation rate (18%) [19].

Lung clearance index

Lung clearance index (LCI), is an important trial outcome in
younger children, but has not been studied long term, which is
not surprising given it is not as readily available as standard
spirometry, and is not measured in every clinic visit. Currently, val-
ues are not routinely put onto registries and we do not even know
how well these measures are associated with life expectancy.

Exercise testing

An old study of laboratory exercise testing in children and
adults showed that higher levels of aerobic fitness measured by
peak oxygen consumption (VO2p..x) were associated with a lower
risk of dying [20]. Extensive exercise testing is not carried out rou-
tinely and does not form part of registry data. However, one small
crossover study on ivacaftor in p.Gly551Asp patients did not show
change in maximal oxygen consumption (VO2,.x) nor minute ven-
tilation after cardiopulmonary exercise testing, despite a signifi-
cant rise in FEVy; although it was only over one month [21].

Pulmonary exacerbations

Pulmonary exacerbation rate is another important predictor of
survival; the 5 year survivorship model found that each acute
exacerbation had an unexpectedly large negative impact [13]. A
single large centre in Canada found that adults with >2 exacerba-
tions per year had an increased risk of death or transplantation
over the 3 year study [22]. A US registry study found that 3 months
following an acute exacerbation, lung function had not recovered
to the baseline prior to the exacerbation in 25% patients; the risk
was associated with a number of factors [23]. Furthermore, the
annual rate of decline in FEV is higher in those with >1 exacerba-
tion compared to none, and particularly if there is less than
6 months between exacerbations [24].

In the real world registry study of ivacaftor, pulmonary exacer-
bation rate was 28% in the treatment group compared to 43% in the
comparator group, and we know mortality was reduced in the for-

mer, although exacerbations would not have been the only factor
[6]. The 5year study extension, found that the proportion of
patients having a pulmonary exacerbation fell from 38% to 26%
in the ivacaftor group, whilst it increased from 33% to 44% in the
comparator group [16]. It is hard to believe this will not affect life
expectancy.

The reduction in exacerbation rate found in the Orkambi RCTs
was maintained in the open label PROGRESS extension, but there
is no registry data yet, and there might not be, as the largest user
- the US, will have converted most people to Trikafta (age permit-
ting) [18].

Airway microbiology

Certain pathogens have a particularly deleterious effects on the
lungs, for example Burkholderia cepacia complex, and Mycobac-
terium abscessus. The 5 years survivorship model found that infec-
tion with B. cepacia had the largest effect of any model variable for
predicting survival [13], although that may well have changed
since the 1993 cohort, with newer antibiotics available. Patients
with B. cepacia complex tend to be excluded from RCTs so there
is not much data. However, a UK registry study (with a comparator
group) of ivacaftor usage in 276 patients aged 6 years and above,
found over a 6 year period, an early and sustained reduction in
Pseudomonas aeruginosa (increased clearance and reduced acquisi-
tion), a reduction in Aspergillus species, a smaller reduction in Sta-
phylococcus aureus, but a less than 1% non-significant change in B.
cepacia complex [25]. The US G551D Observational study (GOAL)
was an observational registry study of ivacaftor use in 150 patients
aged 6 and above; they also found no change in prevalence of B.
cepacia complex [26]. The number of patients with B. cepacia com-
plex are so low that perhaps it is not too surprising that significant
changes are not detected.

Nutritional status

Many studies have shown nutritional status predicts survival in
CF and again there are many references in the Rubin et al mod-
elling paper [11]. The 5 year survivorship study found that weight
for age z score substantially affected long term outcomes [13].
Body mass index (BMI) is one of the primary outcomes in most
modulator RCTs and is easy to measure.

The Sawicki et al. 3 year data on ivacaftor for p.Gly551Asp also
showed an improvement in BMI and weight for age z scores that
was maintained, but although significant, the differences between
the treated and comparator groups were quite small [15]. The US
and UK registry follow up of ivacaftor found an improvement over
5 years in BMI of 2.4 kg/m? compared to 1.6 kg/m? in the US, and
1.9 kg/m? vs 0.9 kg/m? in the UK, so again, encouraging but rela-
tively small changes [16]. For Orkambi, the change in BMI was just
under 1 kg/m? in the open extension [18] and French real world
1 year data [19].

More intriguing will be the longer follow up from children on
ivacaftor for gating mutations aged under 6 years, who are having
a varying degree of restoration of pancreatic function marked by an
increase in faecal elastase [27-29]. Pancreatic status is an impor-
tant predictor of survival [13]; with pancreatic sufficient patients
generally doing better. Some of that effect though is likely due to
certain genotypes associated with pancreatic sufficiency causing
milder disease in general.

CF liver disease (CFLD)
Whilst liver involvement is common in CF, fortunately signifi-

cant disease with severe cirrhosis and portal hypertension is rela-
tively infrequent. Some have not shown CFLD to be associated with
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increased mortality [30]. However, an Irish study of 84 children
with matched controls, which reviewed them 10 years later, found
CFLD with portal hypertension was an independent risk factor for
all-cause mortality with almost 3 times the risk of death compared
to those without CFLD [31].

There is not much data on the potential beneficial effects of
CFTR modulators on CFLD, although raised liver enzymes is a
recognised adverse effect. Ivacaftor has been found to partially
restore bile acid homeostasis [32], and Orkambi reduced hepatic
steatosis assessed by MRI hepatic fat fraction [33]. The Bessonova
early real world data on ivacaftor did find a lower report of hepa-
tobiliary complications, that included gallstones, liver disease, cir-
rhosis and its complications (varices, splenomegaly, ascites), and
steatosis (5% vs 8% in US, 22% vs 28% in UK); the reason figures
are so much higher in the UK is that its registry definition included
abnormal liver enzymes [6]. A direct ivacaftor effect could not be
proven though.

CF-related diabetes (CFRD)

CFRD is another CF complication that is associated with
increased mortality, particularly in females [13,34]. There have
been a number of small studies, reviewed by Sergeev et al [35],
including two that have shown an improvement in insulin secre-
tion after 1 month [36] and 4 months [37] of ivacaftor therapy.
The ivacaftor real world US and UK registry study showed a
reduced prevalence of CFRD in the ivacaftor group (30% vs 40% in
US, and 21% vs 29% in UK) [6]. However, the study did not account
for potential differences in CFRD prevalence before starting the iva-
caftor [35]. Nevertheless, these trends persisted in the 5 year fol-
low up, although did not reach significance [16].

Orkambi taken for a year led to an improvement in glucose
metabolism in a group of 40 patients who had either glucose intol-
erance (78%) or CFRD (22%) [38]. A small study that used continu-
ous glucose monitoring as well as oral glucose tests in 9 children
on Orkambi (pre and a median of 29 weeks after) found no
improvement in glucose metabolism although the boys showed
lower glycaemic variability [39]. These results are mixed but
encouraging, however, what we need to know is whether starting
effective CFTR modulators early in life will prevent development of
CFRD in the first place, as that really would affect life expectancy.

Mental health and quality of life

Numerous studies have shown an increase in rates of anxiety
and depression amongst children and adults with CF, as well as
parent caregivers [40]. Psychological symptoms have been associ-
ated with decreased lung function, lower BMI, worse adherence,
worse health-related quality of life and more frequent hospitalisa-
tion [40]. These would all suggest that mental health issues would
affect life expectancy. The real world registry study of ivacaftor
found a significantly lower prevalence of depression in the US
patients (14% vs 17%) and a non-significant lower level in the UK
(4.4% vs 5.9%), in those taking ivacaftor [6]. Conversely, there have
been reports in patients starting Orkambi of increased severity or
new onset depression, or bipolar disorder associated with suicidal
ideation [35]. Drug interactions with psychotropic medication may
be responsible those on pre-existing therapy, but not new cases.

Patient-reported outcomes, usually a health-related quality of
life score, are part of most phase 3 RCTs and were uniformly shown
to improve with CFTR modulators. Real world data does not exist
as quality of life scores are not routine in clinical practise so are
not routinely documented in national registries. The US G551D
Observational study (GOAL) of ivacaftor found significant improve-
ments in all measures of quality of life, including the respiratory
domain of the CFQ-R (CF Questionnaire-Revised) score [41]. The

STRIVE study of ivacaftor over 48 weeks found treatment effect
favoured ivacaftor in terms of respiratory symptoms, physical
and social functioning, health perceptions and vitality measured
by CFQ-R [42]. A multinational real world cross sectional survey
comparing use of ivacaftor for p.Gly551Asp with standard care
for homozygous Phe508del patients, found significantly better
scores using CFQ-R and EQ-5D-5L (EuroQoL 5-dimensions 5-
level) questionnaires in the ivacaftor group who had taken it for
a mean of 22 months [43]. One can assume therefore, that this is
another way CFTR modulators can impact life expectancy, and also
QALYs (quality-adjusted life years).

CONSEQUENCES OF INCREASED LIFE EXPECTANCY

Assuming life expectancy truly increases there will be a number
of consequences for the CF population and health services.

Ageing

Even now, when CF adults have been brought up in the era
before CFTR modulators, due to many factors, they are living
longer, and death in childhood is an uncommon event [44,45].
An ageing population of people with CF is almost a certainty and
this will bring with it several medical complications [46,47]. Partic-
ular conditions, that are age-related, include CFRD, bone disease
and arthropathy, although hopefully the CFTR modulators will
change that pattern. Obesity is a potential issue since CFTR modu-
lators lead to increased weight and the standard diets will need to
be modified [5]. Importantly, there is a known increase risk of can-
cer in people with CF, particularly of the gastro-intestinal tract (in-
cluding the biliary tract and pancreas), as well as lymphoid
leukaemia and testicular cancer [48,49]. The effect of CFTR modu-
lators on cancer risk is unknown [5]. However, for now, one must
assume that this life time risk will increase with further ageing and
screening programmes that are already recommended for colorec-
tal cancer, may need to be broadened. Additionally, those who
advocate regular chest CT scanning may need to rethink, even with
the modern low radiation CT scanning protocols.

Need for more adult units

There is already a shortage of specialist adult CF units and
appropriately-trained medical, nursing and allied health profes-
sionals, with many centres in Europe relying on support from pae-
diatric colleagues [50]. Projections suggest numbers will expand
greatly, and even more so since the advent of CFTR modulator ther-
apy, making the situation worse [51,52]. Although the CF popula-
tion will be healthier, they will still need close follow-up for
reasons cited above, and careful monitoring of medications. Man-
power planning and increased specialist training in CF are urgently
needed [52,53]. New ways of working will be necessary, including
perhaps network shared care [52]; and increased use of telemedi-
cine and videoconferencing (which has had a sudden surge in its
use during the Covid-19 pandemic).

Financial considerations

CFTR modulators are extraordinarily expensive, and likely to be
beyond the reach for many health services across the globe. This is
certainly a huge problem for lower and middle income countries,
as well as national health services in countries outside the US. Of
course, there will be potential savings for health services in terms
of hospital admissions, and other drug costs — assuming research
proves they can be withdrawn. There may be a reduction in price
once more than one company are producing effective drugs. Drugs
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coming off patent and production of generic versions may help in
the future, but there is no guarantee that the generic drugs will
be much cheaper. If one considers Trikafta costs $311,503 per year
per patient in the USA, and that in time it will be started in 2 year
olds (or younger even), then if that toddler lives until 75 years, the
cost of that one drug alone for that one person will be almost $23
million. Multiply that by the potential 90% of patients eligible for
these drugs and clearly something needs to change.

CONCLUSIONS

Most of the long term data that informs mortality, relates to iva-
caftor used in relatively few patients. Whilst there is some indirect
data for Orkambi, it is not as effective as ivacaftor in those with the
relevant mutations. The real hope for the majority of people with
CF is the newer triple therapy - Trikafta. It would be extremely sur-
prising if life expectancy was not significantly improved when, and
if, this drug becomes widely available, especially since trial data
suggests the outcomes are as good as those with ivacaftor. It is
likely that the earlier these drugs are started the better, perhaps
even in utero, but of course, we do not yet know about long term
safety. Increasingly though, it looks like CF will no longer be a
life-limiting disease.

DIRECTIONS FOR FUTURE RESEARCH

e Real world mortality studies of all CFTR modulators, not just
ivacaftor.

e To ascertain whether long term use of these drugs is safe.

e To understand what level of adherence will be achieved in the
long term.

Acknowledgment

Thanks to Dr Siobhan Carr for reviewing the manuscript and her
helpful comments.

References

[1] Harman K, Dobra R, Davies JC. Disease-modifying drug therapy in cystic
fibrosis. Paediatr Respir Rev 2018;26:7-9. https://doi.org/10.1016/].
prrv.2017.03.008.

[2] Keogh RH, Szczesniak R, Taylor-Robinson D, Bilton D. Up-to-date and projected

estimates of survival for people with cystic fibrosis using baseline

characteristics: A longitudinal study using UK patient registry data. J Cyst

Fibros 2018;17:218-27. https://doi.org/10.1016/1.jcf.2017.11.019.

MacKenzie T, Gifford AH, Sabadosa KA, Quinton HB, Knapp EA, Goss CH, et al.

Longevity of patients with cystic fibrosis in 2000 to 2010 and beyond: survival

analysis of the Cystic Fibrosis Foundation patient registry. Ann Intern Med

2014;19(161):233-41. https://doi.org/10.7326/M13-0636.

Stephenson AL, Stanojevic S, Sykes ], Burgel PR. The changing epidemiology

and demography of cystic fibrosis. Presse Med 2017;46(6 Pt 2):e87-95.

https://doi.org/10.1016/j.lpm.2017.04.012.

[5] Bell SC, Mall MA, Gutierrez H, Macek M, Madge S, Davies JC, et al. The future of
cystic fibrosis care: a global perspective. Lancet Respir Med 2020;8:65-124.
https://doi.org/10.1016/S2213-2600(19)30337-6.

[6] Bessonova L, Volkova N, Higgins M, Bengtsson L, Tian S, Simard C, et al. Data
from the US and UK cystic fibrosis registries support disease modification by
CFTR modulation with ivacaftor. Thorax 2018;73:731-40. https://doi.org/
10.1136/thoraxjnl-2017-210394.

[7] Higgins M, Volkova N, Moy K, Marshall BC, Bilton D. Real-world outcomes
among patients with cystic fibrosis treated with ivacaftor: 2012-2016
experience. Pulm Ther 2020. https://doi.org/10.1007/s41030-020-00115-8.

[8] Dilokthornsakul P, Hansen RN, Campbell ]D. Forecasting US ivacaftor outcomes
and cost in cystic fibrosis patients with the G551D mutation. Eur Respir ]
2016;47:1697-705. https://doi.org/10.1183/13993003.01444-2015.

[9] Siracusa CM, Ryan ], Burns L, Wang Y, Zhang N, Clancy JP, et al. Electronic
monitoring reveals highly variable adherence patterns in patients prescribed
ivacaftor. ] Cyst Fibros 2015;14:621-6. https://doi.org/10.1016/].
jcf.2015.05.009.

3

[4

[10] Trimble AT, Donaldson SH. Ivacaftor withdrawal syndrome in cystic fibrosis
patients with the G551D mutation. ] Cyst Fibros 2018;17:e13-6. https://doi.
0rg/10.1016/j.jcf.2017.09.006.

[11] Rubin JL, O’Callaghan L, Pelligra C, Konstan MW, Ward A, Ishak JK, et al.
Modeling long-term health outcomes of patients with cystic fibrosis
homozygous for F508del-CFTR treated with lumacaftor/ivacaftor. Ther Adv
Respir Dis 2019;13. https://doi.org/10.1177/1753466618820186.

[12] Dilokthornsakul P, Patidar M, Campbell ]JD. Forecasting the long-term clinical
and economic outcomes of lumacaftor/ivacaftor in cystic fibrosis patients with
homozygous phe508del mutation. Value Health 2017;20:1329-35. https://doi.
0rg/10.1016/j.jval.2017.06.014.

[13] Liou TG, Adler FR, Fitzsimmons SC, Cahill BC, Hibbs JR, Marshall BC. Predictive
5-year survivorship model of cystic fibrosis. Am ] Epidemiol 2001;153:345-52.

[14] Konstan MW, Wagener JS, Yegin A, Millar S, Pasta D], VanDevanter DR. Design
and powering of cystic fibrosis clinical trials using rate of FEV(1) decline as an
efficacy endpoint. ] Cyst Fibros 2010;9:332-8. https://doi.org/10.1016/].
jcf.2010.05.004.

[15] Sawicki GS, McKone EF, Pasta DJ, Millar SJ, Wagener ]S, Johnson CA, et al.
Sustained Benefit from ivacaftor demonstrated by combining clinical trial and
cystic fibrosis patient registry data. Am ] Respir Crit Care Med
2015;192:836-42. https://doi.org/10.1164/rccm.201503-05780C.

[16] Volkova N, Moy K, Evans ], Campbell D, Tian S, Simard C, et al. Disease
progression in patients with cystic fibrosis treated with ivacaftor: data from
national US and UK registries. ] Cyst Fibros 2020;19:68-79. https://doi.org/
10.1016/j.jcf.2019.05.015.

[17] Kirwan L, Fletcher G, Harrington M, Jeleniewska P, Zhou S, Casserly B, et al.
Longitudinal trends in real-world outcomes after initiation of ivacaftor. A
cohort study from the Cystic Fibrosis Registry of Ireland. Ann Am Thorac Soc
2019;16:209-16. https://doi.org/10.1513/AnnalsATS.201802-1490C.

[18] Konstan MW, McKone EF, Moss RB, Marigowda G, Tian S, Waltz D, et al.
Assessment of safety and efficacy of long-term treatment with combination
lumacaftor and ivacaftor therapy in patients with cystic fibrosis homozygous
for the F508del-CFTR mutation (PROGRESS): a phase 3, extension study. Lancet
Respir Med 2017;5:107-18. https://doi.org/10.1016/S2213-2600(16)30427-1.

[19] Burgel PR, Munck A, Durieu I, Chiron R, Mely L, Prevotat A, et al. Real-life safety
and effectiveness of lumacaftor-ivacaftor in patients with cystic fibrosis. Am J
Respir Crit Care Med 2020;201:188-97. https://doi.org/10.1164/rccm.201906-
12270C.

[20] Nixon PA, Orenstein DM, Kelsey SF, Doershuk CF. The prognostic value of
exercise testing in patients with cystic fibrosis. N Engl ] Med
1992;327:1785-8.

[21] Edgeworth D, Keating D, Ellis M, Button B, Williams E, Clark D, et al.
Improvement in exercise duration, lung function and well-being in G551D-
cystic fibrosis patients: a double-blind, placebo-controlled, randomized, cross-
over study with ivacaftor treatment. Clin Sci (Lond) 2017;131:2037-45.
https://doi.org/10.1042/CS20170995.

[22] de Boer K, Vandemheen KL, Tullis E, Doucette S, Fergusson D, Freitag A, et al.
Exacerbation frequency and clinical outcomes in adult patients with cystic
fibrosis. Thorax 2011;66:680-5. https://doi.org/10.1136/thx.2011.161117.

[23] Sanders DB, Bittner RC, Rosenfeld M, Hoffman LR, Redding GJ, Goss CH. Failure
to recover to baseline pulmonary function after cystic fibrosis pulmonary
exacerbation. Am ] Respir Crit Care Med 2010;182:627-32. https://doi.org/
10.1164/rccm.200909-14210C.

[24] Waters V, Stanojevic S, Atenafu EG, Lu A, Yau Y, Tullis E, et al. Effect of
pulmonary exacerbations on long-term lung function decline in cystic fibrosis.
Eur Respir J 2012;40:61-6. https://doi.org/10.1183/09031936.00159111.

[25] Frost FJ, Nazareth DS, Charman SC, Winstanley C, Walshaw M]. Ivacaftor is
associated with reduced lung infection by key cystic fibrosis pathogens. A
cohort study using national registry data. Ann Am Thorac Soc 2019;16
(11):1375-82. https://doi.org/10.1513/AnnalsATS.201902-1220C.

[26] Heltshe SL, Mayer-Hamblett N, Burns JL, Khan U, Baines A, Ramsey BW, et al.
Pseudomonas aeruginosa in cystic fibrosis patients with G551D-CFTR treated
with ivacaftor. Clin Infect Dis 2015;60:703-12. https://doi.or!
10.1093/cid/ciu944.

[27] Davies JC, Cunningham S, Harris WT, Lapey A, Regelmann WE, Sawicki GS,
et al. Safety, pharmacokinetics, and pharmacodynamics of ivacaftor in patients
aged 2-5 years with cystic fibrosis and a CFTR gating mutation (KIWI): an
open-label, single-arm study. Lancet Respir Med 2016;4(2):107-15. https://
doi.org/10.1016/S2213-2600(15)00545-7.

[28] Rosenfeld M, Wainwright CE, Higgins M, Wang LT, McKee C, Campbell D, et al;
Ivacaftor treatment of cystic fibrosis in children aged 12 to <24 months and
with a CFTR gating mutation (ARRIVAL): a phase 3 single-arm study. Lancet
Respir Med 2018;6:545-553. doi: 10.1016/S2213-2600(18)30202-9.

[29] Nichols AL, Davies JC, Jones D, Carr SB. Restoration of exocrine pancreatic
function in older children with cystic fibrosis on Ivacaftor. Paed Resp Rev 2020.
https://doi.org/10.1016/j.prrv.2020.04.003.

[30] Colombo C, Battezzati PM, Crosignani A, Morabito A, Costantini D, Padoan R,
et al. Liver disease in cystic fibrosis: A prospective study on incidence, risk
factors, and outcome. Hepatology 2002;36:1374-82.

[31] Rowland M, Gallagher C, Gallagher CG, Laoide RO, Canny G, Broderick AM,
et al. Outcome in patients with cystic fibrosis liver disease. ] Cyst Fibros
2015;14:120-6. https://doi.org/10.1016/j.jcf.2014.05.013.

[32] van de Peppel IP, Doktorova M, Berkers G, de Jonge HR, Houwen RH]J, Verkade
HJ, et al. IVACAFTOR restores FGF19 regulated bile acid homeostasis in cystic
fibrosis patients with an S1251N or a G551D gating mutation. ] Cyst Fibros
2019;18:286-93. https://doi.org/10.1016/1.jcf.2018.09.001.

Respiratory Reviews, https://doi.org/10.1016/j.prrv.2020.05.002

Please cite this article as: I. M. Balfour-Lynn and ]. A. King, CFTR modulator therapies - Effect on life expectancy in people with cystic fibrosis, Paediatric



https://doi.org/10.1016/j.prrv.2017.03.008
https://doi.org/10.1016/j.prrv.2017.03.008
https://doi.org/10.1016/j.jcf.2017.11.019
https://doi.org/10.7326/M13-0636
https://doi.org/10.1016/j.lpm.2017.04.012
https://doi.org/10.1016/S2213-2600(19)30337-6
https://doi.org/10.1136/thoraxjnl-2017-210394
https://doi.org/10.1136/thoraxjnl-2017-210394
https://doi.org/10.1007/s41030-020-00115-8
https://doi.org/10.1183/13993003.01444-2015
https://doi.org/10.1016/j.jcf.2015.05.009
https://doi.org/10.1016/j.jcf.2015.05.009
https://doi.org/10.1016/j.jcf.2017.09.006
https://doi.org/10.1016/j.jcf.2017.09.006
https://doi.org/10.1177/1753466618820186
https://doi.org/10.1016/j.jval.2017.06.014
https://doi.org/10.1016/j.jval.2017.06.014
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0065
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0065
https://doi.org/10.1016/j.jcf.2010.05.004
https://doi.org/10.1016/j.jcf.2010.05.004
https://doi.org/10.1164/rccm.201503-0578OC
https://doi.org/10.1016/j.jcf.2019.05.015
https://doi.org/10.1016/j.jcf.2019.05.015
https://doi.org/10.1513/AnnalsATS.201802-149OC
https://doi.org/10.1016/S2213-2600(16)30427-1
https://doi.org/10.1164/rccm.201906-1227OC
https://doi.org/10.1164/rccm.201906-1227OC
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0100
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0100
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0100
https://doi.org/10.1042/CS20170995
https://doi.org/10.1136/thx.2011.161117
https://doi.org/10.1164/rccm.200909-1421OC
https://doi.org/10.1164/rccm.200909-1421OC
https://doi.org/10.1183/09031936.00159111
https://doi.org/10.1513/AnnalsATS.201902-122OC
https://doi.org/10.1093/cid/ciu944
https://doi.org/10.1093/cid/ciu944
https://doi.org/10.1016/S2213-2600(15)00545-7
https://doi.org/10.1016/S2213-2600(15)00545-7
https://doi.org/10.1016/j.prrv.2020.04.003
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0150
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0150
http://refhub.elsevier.com/S1526-0542(20)30081-6/h0150
https://doi.org/10.1016/j.jcf.2014.05.013
https://doi.org/10.1016/j.jcf.2018.09.001
https://doi.org/10.1016/j.prrv.2020.05.002

6 LM. Balfour-Lynn, J.A. King/Paediatric Respiratory Reviews xxx (XxXx) Xxx

[33] Kutney K, Donnola SB, Flask CA, Gubitosi-Klug R, O'Riordan M, McBennett K,
et al. Lumacaftor/ivacaftor therapy is associated with reduced hepatic steatosis
in cystic fibrosis patients. World ] Hepatol 2019;11:761-72. https://doi.org/
10.4254/wjh.v11.i12.761.

[34] Lewis C, Blackman SM, Nelson A, Oberdorfer E, Wells D, Dunitz ], et al.
Diabetes-related mortality in adults with cystic fibrosis. Role of genotype and
sex. Am ] Respir Crit Care Med 2015;191:194-200. https://doi.org/10.1164/
rccm.201403-05760C.

[35] Sergeev V, Chou FY, Lam GY, Hamilton CM, Wilcox PG, Quon BS. The
Extrapulmonary effects of cystic fibrosis transmembrane conductance
regulator modulators in cystic fibrosis. Ann Am Thorac Soc 2020;17:147-54.
https://doi.org/10.1513/AnnalsATS.201909-671CME.

[36] Bellin MD, Laguna T, Leschyshyn ], Regelmann W, Dunitz ], Billings ], et al.
Insulin secretion improves in cystic fibrosis following ivacaftor correction of
CFTR: a small pilot study. Pediatr Diabetes 2013;14:417-21. https://doi.org/
10.1111/pedi.12026.

[37] Kelly A, De Leon DD, Sheikh S, Camburn D, Kubrak C, Peleckis A], et al. Islet
Hormone and Incretin Secretion in Cystic Fibrosis after Four Months of
Ivacaftor Therapy. Am ] Respir Crit Care Med 2019;199:342-51. https://doi.
0rg/10.1164/rccm.201806-10180C.

[38] Misgault B, Chatron E, Reynaud Q, Touzet S, Abely M, Melly L, et al. Effect of
one-year lumacaftor-ivacaftor treatment on glucose tolerance abnormalities
in cystic fibrosis patients. J Cyst Fibros 2020:30073-4. https://doi.org/10.1016/
1.jcf.2020.03.002. pii: S1569-1993(20)30073-4.

[39] Li A, Vigers T, Pyle L, Zemanick E, Nadeau K, Sagel SD, et al. Continuous glucose
monitoring in youth with cystic fibrosis treated with lumacaftor-ivacaftor. ]
Cyst Fibros 2019;18:144-9. https://doi.org/10.1016/1.jcf.2018.07.010.

[40] Quittner AL, Abbott ], Georgiopoulos AM, Goldbeck L, Smith B, Hempstead SE,
et al. International Committee on Mental Health in Cystic Fibrosis: Cystic
Fibrosis Foundation and European Cystic Fibrosis Society consensus
statements for screening and treating depression and anxiety. Thorax
2016;71:26-34. https://doi.org/10.1136/thoraxjnl-2015-207488.

[41] Rowe SM, Heltshe SL, Gonska T, Donaldson SH, Borowitz D, Gelfond D, Sagel SD,
Khan U, Mayer-Hamblett N, Van Dalfsen JM, Joseloff E, Ramsey BW. Clinical
mechanism of the cystic fibrosis transmembrane conductance regulator
potentiator ivacaftor in G551D-mediated cystic fibrosis. Am ] Respir Crit Care
Med 2014;190(2):175-84. https://doi.org/10.1164/rccm.201404-07030C.

[42] Quittner A, Suthoff E, Rendas-Baum R, Bayliss MS, Sermet-Gaudelus I,
Castiglione B, et al. Effect of ivacaftor treatment in patients with cystic

fibrosis and the G551D-CFTR mutation: patient-reported outcomes in the
STRIVE randomized, controlled trial. Health Qual Life Outcomes. 2015;13:93.
https://doi.org/10.1186/s12955-015-0293-6.

[43] Bell SC, Mainz JG, MacGregor G, Madge S, Macey ], Fridman M, et al. Patient-
reported outcomes in patients with cystic fibrosis with a G551D mutation on
ivacaftor treatment: results from a cross-sectional study. BMC Pulm Med
2019;19:146. https://doi.org/10.1186/s12890-019-0887-6.

[44] UK Cystic Fibrosis Registry file:///C:/Users/IB963/Downloads/2018%20Registry
%20Annual%20Data%20Report.pdf Annual Data Report (accessed 2018 1.5.20)

[45] Cystic Fibrosis Foundation Patient Registry. 2018 Patient Registry. Annual Data
Report. https://www.cff.org/Research/Researcher-Resources/Patient-Registry/
2018-Patient-Registry-Annual-Data-Report.pdf (accessed 1.5.20).

[46] Parkins MD, Parkins VM, Rendall ]JC, Elborn S. Changing epidemiology and
clinical issues arising in an ageing cystic fibrosis population. Ther Adv Respir
Dis 2011;5:105-19. https://doi.org/10.1177/1753465810386051.

[47] Simmonds NJ. Ageing in cystic fibrosis and long-term survival. Paediatr Respir
Rev 2013;14(Suppl 1):6-9. https://doi.org/10.1016/j.prrv.2013.01.007.

[48] Maisonneuve P, Marshall BC, Knapp EA, Lowenfels AB. Cancer risk in cystic
fibrosis: a 20-year nationwide study from the United States. ] Natl Cancer Inst
2013;105:122-9. https://doi.org/10.1093/jnci/djs481.

[49] Yamada A, Komaki Y, Komaki F, Micic D, Zullow S, Sakuraba A. Risk of
gastrointestinal cancers in patients with cystic fibrosis: a systematic review
and meta-analysis. Lancet Oncol 2018;19:758-67. https://doi.org/10.1016/
S1470-2045(18)30188-8.

[50] Madge S, Bell SC, Burgel PR, De Rijcke K, Blasi F. Elborn ]S; ERS/ECFS
task force: The provision of care for adults with cystic fibrosis in Europe.
Limitations to providing adult cystic fibrosis care in Europe: results of a care
centre survey. ] Cyst Fibros 2017;16:85-8. https://doi.org/10.1016/j

[51] Burgel PR, Bellis G, Olesen HV, Viviani L, Zolin A, Blasi F, et al. Future trends in
cystic fibrosis demography in 34 European countries. Eur Respir ]
2015;46:133-41. doi:10.1183/09031936.00196314.

[52] Elborn JS, Bell SC, Madge SL, Burgel PR, Castellani C, Conway S, et al. Report of
the European Respiratory Society/European Cystic Fibrosis Society task force
on the care of adults with cystic fibrosis. Eur Respir ] 2016;47:420-8. https://
doi.org/10.1183/13993003.00592-2015.

[53] Blasi F, Elborn ]S, Palange P. Adults with cystic fibrosis and pulmonologists:
new training needed to recruit future specialists. Eur Respir ]
2019;53:1802209. https://doi.org/10.1183/13993003.02209-2018.

Please cite this article as: I. M. Balfour-Lynn and ]. A. King, CFTR modulator therapies - Effect on life expectancy in people with cystic fibrosis, Paediatric

Respiratory Reviews, https://doi.org/10.1016/j.prrv.2020.05.002



https://doi.org/10.4254/wjh.v11.i12.761
https://doi.org/10.4254/wjh.v11.i12.761
https://doi.org/10.1164/rccm.201403-0576OC
https://doi.org/10.1164/rccm.201403-0576OC
https://doi.org/10.1513/AnnalsATS.201909-671CME
https://doi.org/10.1111/pedi.12026
https://doi.org/10.1111/pedi.12026
https://doi.org/10.1164/rccm.201806-1018OC
https://doi.org/10.1164/rccm.201806-1018OC
https://doi.org/10.1016/j.jcf.2020.03.002
https://doi.org/10.1016/j.jcf.2020.03.002
https://doi.org/10.1016/j.jcf.2018.07.010
https://doi.org/10.1136/thoraxjnl-2015-207488
https://doi.org/10.1164/rccm.201404-0703OC
https://doi.org/10.1186/s12955-015-0293-6
https://doi.org/10.1186/s12890-019-0887-6
http://file%3a///C%3a/Users/IB963/Downloads/2018%2520Registry%2520Annual%2520Data%2520Report.pdf
http://file%3a///C%3a/Users/IB963/Downloads/2018%2520Registry%2520Annual%2520Data%2520Report.pdf
https://www.cff.org/Research/Researcher-Resources/Patient-Registry/2018-Patient-Registry-Annual-Data-Report.pdf
https://www.cff.org/Research/Researcher-Resources/Patient-Registry/2018-Patient-Registry-Annual-Data-Report.pdf
https://doi.org/10.1177/1753465810386051
https://doi.org/10.1016/j.prrv.2013.01.007
https://doi.org/10.1093/jnci/djs481
https://doi.org/10.1016/S1470-2045(18)30188-8
https://doi.org/10.1016/S1470-2045(18)30188-8
https://doi.org/10.1016/j.jcf.2016.07.001
https://doi.org/10.1016/j.jcf.2016.07.001
https://doi.org/10.1183/13993003.00592-2015
https://doi.org/10.1183/13993003.00592-2015
https://doi.org/10.1183/13993003.02209-2018
https://doi.org/10.1016/j.prrv.2020.05.002

